In this study we used in situ nick-ttanslation to analyze apoptotic events in the thymus and in cultured thymocytes at the level of individual cell nuclei. In vitro nuclear DNA strand breaks were observed 3 hr after arposute of thymoqtes to dexamethasone (Dex) in 30% of cells and increased to 78% after 15 hr. In sections of lo-day-old mouse thymus, single ells with DNA strand breaks were dispersed throughout the cortex and to a lesser degree in the medulla. In contrast, a large number of clusters of apoptotic cells were seen in the thymic cortex 3-18 hr after injection of Dex or lipopolysaccharide (LPS). After 48 hr apoptotic cells were no longer detectable. Positive signals correhted with the detection ofDNA ladders of multimers of about 180 BIJ size on agarose gels. KEY WORDS: Thymus; Mouse; ApoptosiS; In situ nick-translation; DNA strand breaks, Lipopolysaccharide; Dexamethasone.
Introduction
Glucocorticoid treatment induces programmed cell death of certain cells of the immune system, notably the cortical lymphocytes of the thymus. When thymocytes are exposed to glucocorticoids in vitro (1) (2) (3) , most cells rapidly undergo a chain of specific morphological changes leading to cell death, termed apoptosis. In addition to glucocorticoid hormones, other mediators also induce thymocyte apoptosis, including calcium ionophore A 23187 (4), antibodies to the CD3-T-cell receptor complex ( 5 ) , 2,3,7,8-tetrachlorodibenzo-p-dioxin (6) , lipopolysaccharide (7) . and heat shock (8) . Apoptosis is usually visualized by detection of DNA fragments on agarose gels. This approach does not allow the localization of apoptotic events in the thymus. We now have investigated apoptosis in vivo in the thymus of dexamethasone (Dex)or lipopolysaccharide (LPS)-treated mice by in situ nick-translation, where DNA strand breaks serve as starting points for DNA polymerase to syn-Supported by grants from the Deutsche Forschungsgemeinschaft Correspondence to: Dr. Karin Fehsel, Heinrich Heine University, Med. Einrichtungen, Inst. fiir Immunbiologie, POB 10 10 07,40001 Diisseldorf, (VK-B) (KO 80612-3 and KO 80616-1).
GeMlaIly.
Electron microscopy anfiied the p-ce ofapoptotic cell clusters and showed that apoptotic foci were located around capillaries in LPS-injected aaimnlr. We conclude that in situ nick translation is a suitable method to detect apoptotic nuclei in cultured cells and on cryostat sections. With this method we auld demonstrate that in vivo spontaneous apoptosis occurs in single dispersed thymocytes, also including the medulla, whereas experimentally induced apoptosis affects cell clusters, possibly due to high local amcentrations ofapop tosis inducers. (JHistocbem C y " 42:6l3-619,1994)
Materials and Methods
Materials. Dex and LPS from Sdmonelh typhimurium were obtained from Sigma (Deisenhofen, Germany). RF' MI 1640 and FCS were purchased from Gibco (Eggenstein, Germany). All reagents used for in situ nicktranslation were obtained from Boehringer (Mannheim, Germany). Detection of biotin was performed using the Vectastain Kit from Camon (Wiesbaden, Germany).
Mice. Outbred NMRl mice 10 days of age received 5 mg D d k g body weight IP. Dex was dissolved in a minimal volume of absolute ethanol and then diluted in PBS. After 3 hr the animals were sacrificed and the thymus and spleen removed.
Alternatively, NMRl mice 30 days of age received 5 mg LF' Slkg body weight IP. After 8, 18, or 48 hr thymus and spleen were removed. Control mice were injected with PBS and sacrificed after 3 or 18 hr. The organs were cut into three pieces. One was snap-frozen in liquid nitrogen and used for cryostat sections. The second piece was processed for electron microscopy, and the third piece was used for DNA preparation by salt chloroform extraction as described (10).
cells.
Thymocytes from 30-day-old NMRl mice were obtained by gcntly pressing the thymus against a fme =el wire net submerged in HBSS. Thymocytes were re-suspended at a final concentration of 5 x lo6 cells/ml in RPMI 1640 supplemented with 10% FCS and cultured on eight-chamber tissue culture slides (Nunc LabTec; Wiesbaden, Germany) at 37'C in a humidified incubator in an atmosphere of 5% CO2 in the absence or presence of 20 pg LPS/ml or Dex (10" M) for 3-15 hr. At various time points, medium was removed and the slides were dried and processed for in situ nick-translation.
In Situ Nick-rranslaaon. For recognition of DNA strand breaks, cells or cryostat sections (-7 pm thick) were fixed in acetone for 10 min. Endogenous peroxidase activity was blocked by incubating the slides in methanol + 0.3% H202 for 30 min. The nick-translation mixture contained 3 pM biotin-dUTP, 5 U/lOO p1 Komberg polymerase, 3 pM each dGTP, dATP, dCTP, 50 mM Tris-HCL, pH 7.5, 5 mM MgC12, and 0.1 mM dithiothreitol. The reaction was performed at room temperature (RT) for 20 min. The slides were washed in PBS and processed for immunocytochemical detection of biotin-labeled UTP by peroxidase-labeled avidin, followed by an enzyme reaction using DAB as substrate.
DNA Electrophoresis. DNA (1 pg) isolated by salt chloroform extraction (10) from thymus or spleen of Dex-treated mice was labeled by the nick-translation procedure described above by adding 20 U Kornberg polymerase and nick-translation mixture (end volume 20 pl) followed by incubation for 20 min at RT. After heating for 5 min at 65°C and electrophoresis in 1.2% agarose gel, the DNA was blotted to a nylon membrane. The DNA was visualized by immunochemical detection of biotin as described above.
Electron Microscopy. Thymus and spleen tissues were cut into small cubes, fixed with 1% glutaraldehyde in cacodylate buffer (pH 7.4) at 4'C for 1 hr, and post-fixed with 1.5% os04 in the same buffer. The specimens were then dehydrated in a graded series of ethanol and embedded in Epoxy resin. Ultra-thin sections were examined in a Phillips EM 400 after staining with uranyl acetate and lead citrate.
ReSUltS

In Situ Nick-translation
Apoptotic DNA strand breaks induced by in vitro treatment of mouse thymocytes with the glucocorticoid hormone Dex could be visualized by in situ nick-translation. After 3 hr of incubation, -30% of thymocytes showed DNA strand breaks in nuclei, whereas 6% of control cells were stained. After 15 hr of culture, DNA strand breaks also became visible in 22% of untreated cells. In vitro LPS treatment did not induce apoptosis. A quantitative analysis of the kinetics of Dex-induced DNA strand breaks in cultured thymocytes is given in Figure l. In Figure 2 the staining pattern of the thymocytes in the corresponding experiments is shown after in situ nick-translation.
Next, we used the in situ nick-translation procedure to localize apoptotic events in vivo. Spontaneous apoptosis was seen in 2% of cells in the thymic cortex ( Figure 3A ). Single stained cells were dispersed within the entire cortex. A few clusters of apoptotic cells were detected at the medulla-cortex boundary ( Figure 3B ). This micrograph ( Figure 3B ) also demonstrates that apoptosis is not restricted to the cortex but also occurs at a low frequency in single cells of the medulla.
In vivo administration of Dex substantially increased the number of nuclei with DNA strand breaks. After 3 hr about 18% of the cortical thymocytes were stained ( Figure 3C ). Foci of about 10 cells stained by in situ nick-translation were spread over the cortex of the thymus. The number of apoptotic cells in the medulla was not enhanced by Dex treatment. In LPS-treated animals the number of apoptotic cortical thymocytes increased from 2% to 4% after 8 hr and to 15% after 18 hr. Again, foci of cells were stained (Figures 3E and 3F) . By 48 hr post LPS treatment, 2% of nuclei stained positive for thymic DNA fragmentation ( Figure 3D ) in agreement with the results obtained by gel electrophoresis (see below). In spleen, a few cell nuclei also stained positive for DNA fngmentation after LPS or Dex treatment (not shown).
Electron Microscopy
Electron microscopic studies supported the data obtained by in situ nick-translation ( Figure 4 ). In the sham-treated mice only rare apoptouc thymocytes could be detected ( Figure 4A ). Dex treatment resulted in the detection of about 19% apoptotic cells, mostly arranged in foci ( Figure 4B ). Eight hr after LPS injection, widely distributed small foci ofthymocytes with condensed chromatin could be detected (Figure 4C) , and 18 hr post LPS treatment, cell clusters of up to 10 apoptotic thymocytes were found, always grouped around capillaries ( Figure 4D ). The percentages of apoptotic cells 8 hr and 18 hr after LPS treatment were 5% and IS%, respectively. Some of the focal accumulations of cells labeled by in situ nick-translation appeared to represent sequestration events. After 8 hr of LPS treatment, 36 * 10% of foci and after 18 hr 77 & 10% of foci were surrounded by phagocytosing cells (p<O.OOl). The majority of foci appear not to represent sequestration events because 3 hr after Dex injection the same focal distribution was found but no phagocytosis, and 8 hr after LPS injection 64% of foci were not in the vicinity of phagocytes. In addition, we isolated thymocytes 8 hr after LPS injection. Less than 10% of labeled cells were phagocytosed. When we compared the results obtained by staining the nuclei of apoptotic thymocytes by in situ nick-translation with the morphological results obtained by electron microscopy, a close correlation was found ( Table 1 ) . Only 8 hr after LPS injection the number of apoptotic cells identified by electron microscopy slightly exceeded that found by in situ nick-translation.
DNA Gel EZectrophoresis
In addition, we studied Dex-and LPS-induced apoptosis in thymuses of mice by gel electrophoresis. The data obtained corroborate the results of Thomas and Caffrey (7) . Figure 5 shows the DNA fragmentation pattern of Dex-, LPS-treated, and sham-treated animals. Before gel electrophoresis, 1 pg DNA was labeled by in situ nicktranslation to enhance the band pattern seen by ethidium bromide staining under uv light. Dex treatment induced internucleosomal cleavage of double-stranded thymic DNA, yielding fragments that are multimers of approximately 180 BP in length readily visible on the gel (Figure 5 , Lane 3) . In contrast, spleen DNA fragments were not visible on the gel, in accordance with the small number of apoptotic cells seen after in situ nick-translation of cryostat sections, which does not allow visualization of the typical DNA ladder (Figure 5 , Lane 2) in gel electrophoresis. In vivo administration of LPS produced DNA fragmentation 8 hr (Figure 5. Lane 6) and more extensively 18 hr post treatment (Figure 5 , Lane 7) . By 48 hr there was no evidence of DNA fragmentation in thymuses of LPS-treated mice (Fig. 5 , Lane 5 ) . For comparison, treatment with PBS 18 hr before sacrifice did not result in fragmentation of thymic DNA (Figure 5 , Lane 4 ).
Discussion
The study reported here extends earlier studies in which LPS was found to induce apoptosis in mouse thymocytes (7) . We confirm these data and additionally localize the apoptotic cells within the thymus. Thomas and Caffrey (7) allows detection of DNA strand breaks in cultured cells and on cryostat sections at the single cell level, since data with regard to kinetics and amount completely corroborate the gel electrophoresis data and are backed by the electron microscopic observations. Dex and LPS both increased the number of apoptotic cells from I-2% to about 15% in the cortex but not in the medulla. Of particular relevance is that apoptotic cells were not statistically distributed over the thymic sections. In the thymic cortex of both Dexand LPS-treated animals, we always found foci of 5-10 cells. Electron microscopic studies of these thymuses confirmed this focal arrangement ( Figures 4B and 4D) . Gavrieli et al. (11) described these accumulations of dying cells in other tissues. They observed clustering of apoptotic cells in the small and large intestine, in the epidermis, and in the lymphoid nodules called Peyers' patches. This focal arrangement suggests a clonal distribution of Dex-sensitive thymocyte subsets or of cells in the same Dex-sensitive developmental stage.
In the case of LPS treatment, these foci were situated in the vicinity of capillaries suggesting that substances, probably cytokines induced by LPS treatment, act across the vessel wall, because LPS itself did not induce thymocyte apoptosis in in vitro cultures, as shown in Figure 2B .
Electron microscopic studies also revealed that 8 hr after LPS injection mononuclear cells begin to phagocyte the apoptotic cells. After 18 hr, nearly 80% of the apoptotic foci are sequestered by phagocytes ( Figure 4D ). Raffray and Cohen (12) also found significantly increased numbers of mononuclear phagocytic cells 48 hr after apoptosis induction in the thymus of tributyltin-treated rats. However, the majority of foci were not formed by binding to phagocytes, and our observations in Dex-treated animals as well as the isolation experiments after LPS treatment do not support phagocytosis as a major event. Zanetti et al. (13) examined cytokine production after LPS treat-ment and found elevated levels of M a , IL1& and IL6 in the blood of LPS-treated animals. These cytokines might trigger apoptosis via different intracellular pathways. Recently, progress has been made in idenufying new cell surface molecules (e.g., Fas, p53, bcl-2) which may regulate the physiological induction of lymphocyte death (for review see 14 and 15). Preliminary data from our group indicate that TNFa has no effect on thymocytes. Therefore, apoptosis
should not be induced via the Fas molecule which is homologous to the cell surface receptor of TNFa This chain of reactions leading to LPS-induced apoptosis may explain the delayed time course compared with Dex-induced apoptosis, in which the steroid directly interacts with thymocytes. The effect of Dex was evident as early as 3 hr after treatment ( Figure  3C ), this rapid action being mediated by or due to direct binding of the steroids to their cytoplasmic receptors (16J7). Maximal LPSinduced DNA fragmentation occurred about 18 hr post injection, with a slight increase ofthe number of cells with DNA strand breaks after 8 hr compared with controls. At 8 hr, electron microscopy revealed slightly more apoptotic cells compared with the data obtained by the in situ nick-translation (Tible 1). This small difference can be explained by the experiments of Cohen et al. (18) . They arrested Dex-treated cells in an early stage of apoptosis by treatment with ZnS04, which prevented DNA cleavage by endogenous nucleases, with early morphological changes still present such as shrunken cell morphology and the presence of condensed heterochromatin arranged in sharply defined clumps. Apparently such "pre-apoptotic" cells were not stained by in situ nick-translation. Eighteen hr post LPS treatment, all apoptotic nuclei apparently contained DNA strand breaks, since electron microscopic data and in situ nick-translation data give the same percentage.
In the thymus of control mice we detected a few scattered apoptotic cells in the cortex as well as in the medulla. These findings suggest that the process of thymocyte selection occurs at the level of single dispersed cells. Only at the corticomedullary junction were some foci of apoptotic cells detected ( Figure 3B ). It is known that bone marrow-derived macrophages concentrate there (19). They might serve as antigen-presenting cells, inducing the deletion of thymocyte clones. Recently, Swat et al. (20) induced clonal deletion of immature CD4'CD8+ thymocytes by antigen-presenting cells in suspension culture (19) . We speculate that we observed this phenomenon in situ.
In conclusion, we have demonstrated by in situ nick-translation the localization of apoptotic cells with nuclear DNA fragmentation in thymic sections. This simple, sensitive, and fast method detects DNA strand breaks in cultured single cells, on cryostat sections, and in naked DNA. All three examples were used in this study and gave results well in agreement with previous studies on thymic apoptosis (8J1.21).
The method described here offers several advantages vis-his current approaches to apoptosis research (22,23), e.g., TUNEL (TdTmediated dUTP-biotin nick end-labeling). This method is based on the specific binding of terminal deoxynucleotidyltransferase to YOH ends of DNA, ensuing synthesis of a biotin-deoxynucleotidyl polymer which is detected in a streptavidin-peroxidase reaction. In our hands, the endogenous terminal deoxynucleotidyl transferase, specifically expressed in thymocytes (19), interfered with the labeling reaction despite stringent fixation conditions. In addition, similar methods (11, 23) require proteolytic treatment before label-ing, making simultaneous immunohistochemical characterization of cells impossible.
Recently, Gold et al. (24) proved the specificity of the in situ nick-translation reaction by a number of experiments. Energy transfer studies revealed that the staining signal is limited to the nucleus. Proliferating cells are not labeled by in situ nick-translation. Even thymocytes irradiated with 2000 rad to induce DNA strand breaks were not stained when they were fixed immediately after irradiation. Therefore, the number of DNA strand breaks induced by irradiation lies below the detection limit of the method. Cells dying by other means than apoptosis, such as sodium azide or cyanide, could not be stained for DNA strand breaks (11, 25) . In these cases lysis of the cells occurred without prior DNA damage. Therefore, in situ nick-translation specifically stains for DNA strand breaks. It reduces the cell number needed for detection of ongoing DNA fragmentation by gel electrophoresis from a minimum of IO6 cells to -lo3 cells. Furthermore, this technique also allows differentiation of the degree of fragmentation in single cells. Finally, and most importantly, this technique allows localization of apoptotic cells within organs.
